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1)

Two Consecutive Read on Two different Cell (from address transition of first read to word-line desseration of second read): 3.2ns

Read (from address transition to input of final 128:64 inverter): 1.2ns

Write (from input transition to bitcell flip): 1ns

Two consecutive Write on Two different Cell (from address transition of first write to word-line dessertation of second write): 2.9ns

Match (from input transition to input of final 128:64 inverter): 1.77ns

Two consecutive Match (from address transition to our default state after second match): 3.82ns

2) 

Total Read Energy for two cycles: 1.68e-9 J

Total Write Energy for two cycles: 5.37e-10 J

Total Match Energy: 1.134e-9 J

3) 

Total Read Energy Delay Product (for two cycle): 5.376e-18 J sec

Total Write Energy Delay Product (for two cycle): 1.8e-18 J sec

Total Match Energy Delay Product (for two cycle): 4.33e-18

4) 

Decoder Delay (address transistion to WL rising transistion): 0.85ns

5) For Read:

Bit-line sense voltage: 0.03V

Delay from WL transistion to final output: 0.4ns

6) 

Write to bit-line delay (transition from input to bl transistion): 0.7ns

7) For Match:

Match-line sense voltage: 0.08V

Delay from BL transistion to final output: 1ns

8) Approximate Capacitance:

Pre decoder output: 162fF (decoder load) + 691fF (vertical wire cap) = 853fF

Word-line: 308fF + 345fF (horizontal wire cap) = 653 fF

Bit-line: 6fF (2 SRAM cell with a 1 and a 0) * 128 + 691fF (vertical wire cap) + 352fF (driver cap) = 1887 fF

Match-line: 232fF + 345fF (horizontal wire cap) = 577 fF
1. Introduction 

The goal of this project is to build a 8KB content addressable SRAM memory using 0.25um technology with the goal of minimizing energy-delay product, given a set of area constraints, and restrictions on maximum inputs capacitance. Content addressable should be able to do read and write operation as in a normal SRAM, but in addition, it needs to do a match operation in which 32 bits of input data is compared with the content of the memory in parallel. The memory array, according to the specification, has 256 x 256 numbers of cells and cannot be divided into banks for faster access. 8 bits of row address, 3 bits of column address, 32 bits of input data and three control signals, namely read, write, match are given as inputs to the memory chip.

2. Architecture 

2.1 General Operation

Figure 1 is the high level block diagram of the memory array. The control signal is first buffered with a set of inverters, such that it has enough strength to drive a large capacitance across the chip. These signals will then be split to the decoder and the bit-line drivers. Before the row decoder asserts one of the word-line, the bit-lines are forced to the correct value by the bit-line driver. Since bit-line driver has less logic, it is in general faster than the row decoder. For our implementation, these two operations occur at the same time. The operations are then performed followed by a deasserting stage in which both the word-line and the bit-line are discharged after each operation. 

2.1.1 Read
For read operation, both the bit-line and its complementary are both charged up, while the word-line is being asserted. As soon as the word-line is asserted, the PMOS pass transistor of the memory cell will turn off releasing the bit-lines, allowing the memory cell to pull down the charged up bit-lines. The difference between the bit-line and its complementary will be sensed and amplified by the differential amplifier, connected at the bottom of each bit-line pairs. The logic will then be amplified and buffered by a chain of inverters followed by a column multiplexer, which will then choose one out of eight bits (since there are a total of 8 32 bits) to be latched and buffered. 32 bits of data can then be read from 32 column multiplexers. 

2.1.2 Write
Write is a lot simpler than read. Instead of charging the bit-lines as in a read operation, data are written to the bit-line, as the word-line is being asserted. In order to write to the cell, the bit-line driver just need to force the bit-lines long enough to flip the cell. 

2.1.3 Match
Match is a little different from read or write. The operation is done by comparing all rows in parallel, which means that it is not necessary for the decoder to choose which row to match. Since our deasserting stage ensures that all the bit-lines are discharged, bit-lines drivers can force the 32 bits data on the bit-lines while the match-line driver charge up the match-line at the same time. The memory cell is built such that if the value of the cell does not match with its bit-line, the match-line will be pulled down. The difference between this pulled down match-line and a match-line voltage reference will then be amplifier by a match-line differential amplifier. The amplified signal will then be buffered by a chain of inverters.  

2.2 Modeling
Capacitance modeling is done with great care to ensure that the simulation is correct. Explicit capacitance is added to wires placed across the chip. Moreover, we also buffer the inputs in our input-emulators so that it has a FO4 characteristic.  

We have two rows in our simulation to ensure that our match amplifier is able to tell the difference between matched and unmatched lines. We have three columns, two of which below to the same group, because we want to know if the read sense amplifier is able to tell the difference between a one or a zero from the memory cell. The other one belongs to a different group, so that we know the effect of other bit-lines when they are not being selected. They should remain discharged for all operations.
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3. Components Implementation
3.1. Decoder
A skewed CMOS decoder and a post charged logic are implemented. The static decoder and the post charged logic decoder have a delay of 0.9ns and 0.6ns respectively and it has a deassert delay of 1.2ns and 1.4ns. Getting the self resetting delay of each stage right is hard. Resetting too early will burn static power, while resetting too slow will hurt performance. Although the post charge logic can potentially be faster, the static decoder is used due to its simplicity. Instead of another inverter, a latch is used for the last stage, so that we can start to deassert the predecoder as soon as the word-line is asserted and latched. This will buy the predecoder more time and therefore the predecoder can be further skewed for rising transition. The sizing of the decoder is calculated using a matlab script to optimize the energy delay product. The result is that each stage in general has a small fanout and those stages driving a large capacitance has a relatively bigger fanout. 
Figure 2 Illustrates the circuit of static decoder.
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3.2. Bit-line Driver
We have a total of 256 bit-line drivers performing data forcing (or writing), charging, and discharging on the bit-lines. Since there are a total of 8 groups of 32 bits, only 8 groups of control signals need to be computed; therefore 8 bit-linecontrol circuits need to be built. This bit-linecontrol circuit, which is shared by 32 bit-line driver within a group, takes in read, write, match, column (one of the output of the 3 to 8 column decoder) and outputs three control signals, charge, discharge, force with the following boolean logics.
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The bit-line driver charge and discharge the bit-line as soon as it receives the charge or discharge signal from the bit-linecontrol. It will then need to release the bit-lines as soon as it finishes so that the cell can pull the bit-lines down for a read operation. We have a fairly big equalize transistor between the bit-lines to ensure that two bit-lines will have the same voltage. Since the bit-lines are not the bottleneck, we intentionally lower the supply voltage of the bit-line driver to 1.9V, so that dynamic power can be cut, which is significant considering the bit-lines capacitance is huge. 

For match operation, it is possible to pull down an incorrect match-line with some floating bit-lines values. Therefore, before the match-lines are charged up, the data should be forced to the bit-lines. However, we can ensure the correctness by discharging our bit-lines after each operation. It does not hurt the performance, however, because the word-line is also needed to be deasserted; therefore the bit-lines may as well do so during this time. However, this may hurt our energy consumption a bit. With such mechanism, forcing data to the bit-lines and charging up the match-lines can be done at the same time. 

Figure 3 and Figure 4 show the bit-line control and bit line driver circuit respectively. 
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3.3 Read Sense Amplifier
Originally, a latched based amplifier was used for read operation; however, we were overwhelmed by its highly timing sensitive property. Since we have 256 cells hanging off of the bit-line, the voltage pulled down by the cell is small. It took quite a while (1ns) for the bit-lines to split large enough before the latch based can be safely activated. If the amplifier is enabled too early, a wrong value can be obtained. However, waiting for 1ns is not acceptable either. Therefore, a two stage differential amplifier is a better alternative. Although the output splitting is not as fast as latch based amplifier, it is able to detect the small bit-line difference almost as soon as the word-line is asserted. The slow output splitting does not matter too much because it is further amplified by a chain of inverter following it. If there is noise between the two bit-lines, the differential amplifier is able to correct itself, unlike its latch based counterpart. Since it is not as time sensitive, the clock is enabled as soon as the dummy word-line is asserted. The clock is only distributed to 32 amplifiers, therefore, the other 256 - 32 amplifiers are not consuming any power.  
Figure 5 shows the circuit of our read sense amplifier. 
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3.4. Decoder Self Timing circuit
Using the latch based amplifier, a chain of inverter is used to match the delay of the decoder. This output, called dummy word-line, is used to drive a dummy line which has the same structure as a normal memory array, but with only 10 cells hanging off it. The bit-line output is then buffered up by an inverter chain to drive the enable clocks of the amplifers.  However, after thoroughly thought, the idea of using the latch based amplifier is deserted, due to its highly timing sensitivity. Using a differential amplifier, a precise clock is no longer needed. Therefore power can be saved by eliminating the whole dummy lines. We then just use the dummy word-line to drive our differential amplifier clock. As mentioned before, using a differential amplifier, the output split as soon as the word-line is asserted, so using the dummy word-line (followed by a buffer inverter chain) to drive the amplifier clock is not a bad idea.
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3.5 Match Reference
When the match was first implemented, a constant voltage reference was used to compare with the match-line voltage; however it is hard to tell the difference between a matched match-line with a constant voltage reference. It is also subject to noise or other interference, so a reference match-line is built to solve this problem. Such reference match-line is running vertically across the memory array with a similar pull down mechanism. Both the match-line and the reference match-line are charged up. As the match-line is being pulled down, the reference is also being pulled down, but the reference line has two times RC delay than those in the match-line. Using a differential amplifier, it is not only easier to distinguish the match-line, it is also faster.
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3.6 Match Sense Amplifier
We used differential amplifier for read operation, however, the differential amplifier is very power consuming. For read operation, only 32 sense amplifiers are turned on, this won't consume that much power. However, for the match operation, all 256 match sense amplifiers will be turned on. Using differential amplifier here will consume much power, therefore, for the match operation, we use latch based amplifier as the sense-amp. The latch based amplifier is very time sensitive, a self timing circuit therefore is needed. However, it is hard to model the discharge of the match line and the reference line. So we just apply a series of invertors to do the self-timing. Using such type of self timing circuit will increase delay because we have to guarantee that the match line and the reference line split large enough for sensing before the sense enable signal comes. Therefore, in our design, match is the slowest operation.
Because the latch-based sense-amp is weak, in order to drive a 128:64 inverter output, we need an output buffer.  More over, the output of the sense-amp will reset when sense-en signal is reset, therefore we need to lock the output data. Here we build a match output buffer to achieve this. 






3.6 Read Output Multiplexer 
After the memory cell value is sensed by the differential amplifier, the output needs to be demultiplexed. And because we are using a differential amplifier, the output can change as soon as the bitlines are reseted, therefore a latch is needed to store the value. In addition, the output of the data signal needs to be tristated, such that the output is written out to the port only when a read signal is asserted. Figure 12 shows our read output multiplexer. 


The inputs are first amplified by two inverters, then it is filtered by a transmission gate, The last stage of the two inverters has to be big enough to minimize the resistance. The output will then be forced to a back to back inverter pair which will latch the data. The inverter at the bottom has a PMOS controlling it. When data is forced to the data, the inverter is kept disabled; however the data forced to the inverter will have a positive feedback after having the PMOS switched on. The output is further amplified by an inverter which will be selected by the tristate transmission gate. 

4. Simulation Result
4.1 Delay and Energy Measurements 

1)

Two Consecutive Read on Two different Cell (from address transition of first read to word-line desseration of second read): 3.2ns

Read (from address transition to input of final 128:64 inverter): 1.2ns

Write (from input transition to bitcell flip): 1ns

Two consecutive Write on Two different Cell (from address transition of first write to word-line dessertation of second write): 2.9ns

Match (from input transition to input of final 128:64 inverter): 1.77ns

Two consecutive Match (from address transition to our default state after second match): 3.82ns

2) 

Total Read Energy for two cycles: 1.68e-9 J

Total Write Energy for two cycles: 5.37e-10 J

Total Match Energy: 1.134e-9 J

3) 

Total Read Energy Delay Product (for two cycle): 5.376e-18 J sec

Total Write Energy Delay Product (for two cycle): 1.8e-18 J sec

Total Match Energy Delay Product (for two cycle): 4.33e-18

4) 

Decoder Delay (address transistion to WL rising transistion): 0.85ns

5) For Read:

Bit-line sense voltage: 0.03V

Delay from WL transistion to final output: 0.4ns

6) 

Write to bit-line delay (transition from input to bl transistion): 0.7ns

7) For Match:

Match-line sense voltage: 0.08V

Delay from BL transistion to final output: 1ns

8) Approximate Capacitance:

Pre decoder output: 162fF (decoder load) + 691fF (vertical wire cap) = 853fF

Word-line: 308fF + 345fF (horizontal wire cap) = 653 fF

Bit-line: 6fF (2 SRAM cell with a 1 and a 0) * 128 + 691fF (vertical wire cap) + 352fF (driver cap) = 1887 fF

Match-line: 232fF + 345fF (horizontal wire cap) = 577 fF
Table 1 Read energy breakdown


[image: image4.emf]Read Multiplier Current

Decoder 1 2.67E-03 2.67E-03

Decoder Timing 1 3.77E-04 3.77E-04

Cell B0 224 3.95E-05 8.85E-03

Cell A0 32 4.32E-06 1.38E-04

Cell Other 65280 6.62E-12 4.32E-07

SA A0 32 2.14E-04 6.85E-03

SA B0 224 1.45E-08 3.25E-06

Bitline Driver A0 32 1.91E-03 6.11E-02

Bitline Driver B0 224 4.20E-05 9.41E-03

Bitline Control 1 1.90E-03 1.90E-03

Output Buffer 32 2.50E-06 8.00E-05

Data Mux 32 1.37E-04 4.38E-03

Inputs Buffer 1 1.99E-04 1.99E-04

Read  Enable Mux 1 2.64E-04 2.64E-04

9.62E-02

Energy  1.68E-09


Table 2 Write energy breakdown


[image: image5.emf]Write  Multiplier Current

Decoder 1 2.52E-03 2.52E-03

Decoder Timing 1 3.67E-04 3.67E-04

Cell B0 224 4.04E-05 9.05E-03

Cell A0 32 2.62E-06 8.38E-05

Cell Other 65280 6.63E-12 4.33E-07

SA Off 256 2.10E-06 5.38E-04

Bitline Driver A0 32 2.73E-04 8.74E-03

Bitline Driver B0 224 4.14E-05 9.27E-03

Inputs Buffer 1 1.09E-04 1.09E-04

3.07E-02

Energy  5.37E-10


4.2. Simulation Curves
4.2.1 Write followed by 2 consecutive read







4.2.1 Write followed by 2 consecutive read



5. Conclusion
This project is a long one considering all the details of the memory and tradoffs; however we do learn a great deal from it.
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Figure � SEQ Figure \* ARABIC �1� Top level circuit





Figure � SEQ Figure \* ARABIC �2� Static Decoder





Figure � SEQ Figure \* ARABIC �3� Bit-line control circuit





Figure � SEQ Figure \* ARABIC �4� Bit-line driver





Figure � SEQ Figure \* ARABIC �5� Differential amplifier





Figure � SEQ Figure \* ARABIC �6� Decoder timing





Figure � SEQ Figure \* ARABIC �7� Match-line driver





Figure � SEQ Figure \* ARABIC �8� Match reference line





Figure � SEQ Figure \* ARABIC �9� Matching timing circuit





Figure � SEQ Figure \* ARABIC �10� Match output buffer





Figure � SEQ Figure \* ARABIC �11� Match sense-amp





Figure � SEQ Figure \* ARABIC �12� Write followed by 2 read (TT)





Figure � SEQ Figure \* ARABIC �13� Write followed by 2 read (SF)





Figure � SEQ Figure \* ARABIC �14� Write followed by 2 read (FS)





Figure � SEQ Figure \* ARABIC �15� 2 consecutive matches
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